Abstract-A biconical antenna has been developed for ultrawideband sensing. A wide impedance bandwidth of around 115% at bandwidth 3.73-14 GHz is achieved which shows that the proposed antenna exhibits a fairly sensitive sensor for microwave medical imaging applications. The sensor and instrumentation is used together with an improved version of delay and sum image reconstruction algorithm on both fatty and glandular breast phantoms. The relatively new imaging set-up provides robust reconstruction of complex permittivity profiles especially in glandular phantoms, producing results that are well matched to the geometries and composition of the tissues. Respectively, the signal-to-clutter and the signal-to-mean ratios of the improved method are consistently higher than 5 dB and 10 dB, corresponding to an average increase in image fidelity of more than 140% compared to conventional radar focusing technique.
INTRODUCTION
Early work on microwave imaging for breast cancer detection was based on the assumption of a homogeneous breast structure with high dielectric contrast between malignant and normal tissues reaching a ratio of 5 : 1 [1, 2] . However, more recent studies suggest that this contrast might be significantly less than previously thought, while exhibiting more complicated heterogeneity [3] . This problem, together with dispersive nature of biological tissues [4] , presents a more challenging case such that the requirement of an antenna design must exhibit good performance in terms of size, impedance matching and radiation pattern over the desired bandwidth. Hence, an optimal antenna design that maintains a high degree of control of the pulse shape throughout the overall transmission path is needed to attain the spatial resolution and penetration required for image reconstruction. Recently, the application of UWB imaging techniques for medical imaging has imposed limitations on the physical size of the antenna in use [5] . Various types of ultra-wideband (UWB) antenna were proposed to be part of the microwave imaging; typical examples include pyramidal horn [6] , tapered slot [7] , antipodal [5] , stacked patch [8] , dielectric resonator [9] , and printed monopole [10] . However, existing designs in the antenna's literature lead to a large size and extra lumps loads as the trade-off for a wider impedance bandwidth, which results in low efficiencies and manufacturability. Thus, biconical antenna has been proven to be an ideal candidate since it is generally regarded as possessing a behavior that is well suited to UWB applications. In this paper, a biconical antenna array is proposed, designed for radarbased breast imaging. Like conventional tomographic measurements, an antenna array is considered in this study since this geometry allows data to be captured from multiple views, thus enabling image reconstruction be performed in 2-D or 3-D if measurements are taken from multiple planes.
Traditionally, there are two imaging approaches for reconstructing microwave images. They are (i) the tomographic based and (ii) radarbased reconstructions [11] . Compared to the tomographic approach, radar-based techniques are computationally simple and effective. However, they do not recover the dielectric profile, but rather display an image as a variance of energy intensity. The Delay and Sum (DAS) algorithm is one of the radar-based techniques first proposed for breast cancer detection in 1998 [12] . Over the years this algorithm has undergone several enhancements and iterative refinements [13] . An enhanced version of the delay and sum (EDAS) has been developed and tested in our lab, where the initial results obtained from simulated and experimental recordings demonstrate the capability of effectively reducing clutter and improving the image-tosignal ratio [14] . As compared to DAS, EDAS comprises two processing techniques, which are focusing quality and multiplication in pair. For the first method, weighted coherence factor (CF), also known as side lobe suppressing method, reduces the clutters of the backscattered signals by appropriately time-gating the arrival pulses [15] . Meanwhile, the multiplication in pair multiplies signals measured from the same transmitter in pair, effectively summing the radar impulses to create a synthetic focal point. An extra clutter reduction can theoretically be achieved by increasing the sample size as in the multistatic case [16] . As a result, EDAS improves reconstruction as it acquires more information regarding the target. In this paper, the reconstructed images of DAS algorithm are compared with EDAS algorithm with respect to measurement uncertainties for homogeneous and heterogeneous breast phantoms. Also, two metrics are used to quantitatively asses the quality of the focusing algorithms. They are (i) signal-to-clutter-ratio (SCR) and (ii) signal-to-mean-ratio (SMR) [17, 18] .
ANTENNA DESIGN
Biconical antenna is generally regarded as a high performance UWB antenna, which is suitable use for microwave imaging. The power transmitted is constant with respect to the azimuth but varies as a function of the elevation, cone heights, cone angles and frequency [19] . The cone height of a biconical antenna primarily influences the lower cut-off frequency, while the cone angle influences the input impedance. A biconical antenna with cone angle of 45 • and cone height of 10 mm is considered in this study. The antenna is driven via a 50 Ω coaxial feeder which incorporates an in-line balun in the form of ferrite torroid through which the coaxial cable is threaded [20] . This arrangement ensures a balanced antenna feed and stable frequency response. In the fabrication, the coax centre conductor is connected to the apex of the lower cone, while the coax outer conductor is connected to the upper cone. The height of upper and lower cones, H U and 
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H L is 4 mm respectively. The total height of the whole biconical antenna, H C is 10 mm [21] . A cylindrical globule of epoxy resin (Araldite) at the cone apex provides mechanical strength to the antenna. Figure 1 (a) displays the schematic of the antenna design while Figure 1(b) shows the internal connection between the antenna and coaxial cable. Meanwhile Figure 1(c) shows the real antenna array with coaxial cable connected with ferrite torroid. Both antenna cones are machined from pure copper material, while an RG-58 coaxial is used to drive the antenna, achieving an impedance matching of 50 Ω. For the purpose of achieving high detection resolutions and good clutter rejection, the antenna with an impedance bandwidth 4 to 10 GHz is typically employed [22] . Antenna measurements in free space are performed with an Agilent N5245A PNA-X Network Analyzer providing measurements up to 50 GHz. Figure 2 shows the measured reflection coefficient, S 11 in free space. The bandwidth of the proposed antenna ranges from 3.73 to 14 GHz (S 11 < −10 dB), with impedance matching greater than 115%. Hence, the frequency coverage of the proposed design is sufficiently wide and relatively stable for the desired bandwidth. During probing, two radar sensing elements are used; one sensor acts as a transmitter while the other acts as a receiver. For imaging purpose, the transmission coefficient (S 21 ) which represents the coupling between the two sensors are being measured. As S 21 increases the coupling improves, yielding better transmission. Figure 3 shows the simulated and measured transmission coefficients of the biconical antenna. It can be observed that the magnitude of the simulated transmission coefficient is approximately −20 dB in the frequency range from 2 to 14 GHz, while the measured transmission coefficient is around −38 dB across the required frequency range. A maximum magnitude around 4.5 GHz is shown for both simulated and measured results. As suggested by earlier published studies, oil-based immersion liquid provides the best performance in terms of matching media and coupling material [23] . Figure 4 shows the measured reflection coefficient of the antenna taken in oil over the frequency range from 0 to 5 GHz. Examining Figure 4 , the ripples are observed appearing at low frequencies due to poor impedance matching, while the UWB characteristic of the antenna with a return loss can be observed to steadily decrease as the frequency increases. The ideal case for reflection coefficient is at −10 dB at which only 10% of the power is reflected back to the source. Hence, the antenna bandwidth defined at −10 dB cut-off point is approximately 3 GHz. In addition to S 11 and S 21 , antenna pattern is also important in the antenna design as it shows the ability of the biconical antenna to focus energy into the breast rather than energy diverging out of the intended coverage area. Figure 5 shows the simulated radiation patterns of the antenna in oil for two different resonant frequencies (3.62 GHz and 9.63 GHz) in y-z plane. The resulting pattern appears like a figure "8" at low frequency, while the pattern becomes butterfly-shaped with the direction of the main beam being shifted at high frequency in the y-z plane. This trend is in agreement with other omnidirectional antennas as the biconical antenna also belongs to this category.
IMAGE RECONSTRUCTION
To validate the image reconstruction approach, both DAS and EDAS algortihms are tested using data obtained via numerical and experimental setups [14] . The results obtained are compared to asses the fidelity and accuracy of the proposed technique. As in the standard DAS algorithm, the breast model is illuminated sequentially with a short ultra-wideband pulse from a number of sensors locations [16] . The distance from each transmitting sensor position to point of interest r and back to the receiving sensor position is calculated based on the average speed of propagation and the results are converted into time delays. Interested readers who wish to learn more about this technique are referred to earlier publications [16] . Unlike classical beam focussing techniques, the EDAS algorithm combines two processing techniques: focusing quality and multiplying in pair. In so doing, the round trip travelling time from each antenna to the focal point is firstly calculated, generating the backscattered signals with an appropriate time delay. This process is repeated until all focal points have been scanned and 
the scattering energy corresponding to each focal point and for a given transmitted-received position has been calculated. Secondly, all these signals are summed up together and added coherently to produce a maximum energy at a given focal point. The energy is assigned to a pixel forming the profile of the scatterer. In order to obtain the tumor response, the calibration is firstly performed using standard subtraction procedure [24] . Effectively, this method removes the skin backscatters and other artefacts like the incident waves and clutters. Secondly, the backscattered signals resulting from the homogeneous model are subtracted channel-by-channel from signals obtained from cancerous model [17, 24] . Figure 6 shows the round trip distance from each sensor to the pixel of interest. The calculated value is converted into time samples based on the wave propagation speed. The delay time at each sensor (in unit of samples) can be calculated as follows:
where the velocity of propagation is given by v = c √ ε r , r m − r and r n − r are the distances between the focal point r and mth transmitter and nth receiver respectively. ∆t is sample time, c is the velocity of light in vacuum and ε r is the relative permittivity of the medium.
Following time alignment for each signal recorded at each focal point, a focusing-quality procedure is applied to remove the unwanted signals and noise artifacts [25] . This procedure is based on utilization of the coherence quality weighting of the backscattered signals at specific focal point. Next, each signal pair measured from the same transmitter is multiplied with each other and their products summed. As this method acquires more information about the targets, extra clutter elimination is accomplished by increased sample size [16] . This procedure is similar to calculating the energy at each focal point. Mathematically:
where y m,n is the output signal after pairing multiplications and w the window length relative to the transmit pulse width. Each value is converted into a pixel and the assembly of this pixel forms an image. To evaluate the performance for both algorithms, both the SCR and SMR ratios are used. Respectively, the calculations are as follow:
SMR = max tumor energy mean energy (4)
The SCR is given by ratio of the maximum tumor backscattered energy to the maximum clutter backscattered energy in the same image, while the SMR is given by ratio of the maximum tumor backscattered energy to the mean backscattered energy in the same image.
(a) (b) Figure 7 . T1-MRI (upper) and their corresponding dielectric properties at 5 GHz (lower) of breast classification showing, (a) mostly fatty (< 25% glandular tissue), and (b) scattered fibro-glandular tissue (25-50% glandular).
MATERIALS AND METHODS

Homogeneous and Heterogeneous Phantoms
The breast is mainly composed of three types of tissues which are adipose, glandular, and connective tissue [26] . Recent studies on the dielectric properties of the breast suggest that the dielectric properties of normal breast tissue may vary depending on several factors [3] , such as the tissue structure and amount of adipose. Consequently, the dielectric contrast between cancerous and normal tissues is reduced, leading to an increase of breast internal inhomogeneity. Figure 7 shows the composition of a homogeneous and a heterogeneous breast structure (< 50% glandular tissue) that has been derived from T1-weighted magnetic resonance images [3, 27] and their corresponding anatomically derived dielectric properties. These numerical phantoms capture the structural heterogeneity of the breast tissue, incorporating the dispersive characteristics. The high permittivity values of the glandular structure can be clearly observed, where the variance of glandular and tumor properties is reduced. This situation is considered in the design of the test phantoms used in the experimentations.
Experimental Breast Phantom
To experiment the procedures on the varying breast structures [3] , the homogeneous fatty and heterogeneous glandular models were constructed using chemical materials which are formulated based on the relative permittivity and conductivity of realistic tissue over the frequency of interest given in Table 1 [28] . In this research, an oil-in-gelatin mixture is used as a phantom material which is based on heterogeneous breast tissue dielectric properties presented in literature [29] . The phantom is similar to the one presented in [30] as all materials are dispersive with frequency-dependent characteristics similar to those presented in [29, 31] . The breast phantom size is In brief, the chemicals are mixed and molded into an 80 mm hemispherical shape, forming the breast phantom [29] . Meanwhile, the tumor with permittivity of 54 is molded into cylindrical shape rod with 5 mm diameter and inserted vertically inside the glandular area [28] . Figures 8(a) and 8(b) show the resulting homogenous and heterogeneously glandular breast phantoms.
Measurement and Data Acquisition System
The system configuration is composed of a set of 8 biconical antennas placed equidistantly around a circular shape phantom of 90 mm diameter forming full view geometry [19, 20] . Vegetable cooking oil is (a) (b) Figure 8 . Experimental phantoms based on realistic T1-MRI images of an ordinary human breast, (a) homogeneous, and (b) heterogeneous models.
(a) (b) Figure 9 .
(a) The experimental set-up for UWB imaging. (b) Biconical antennas are placed equidistantly around the phantom. used as the background immersion matching liquid in order to minimize interferences due to cluttering and multiple reflections. The wave speed in this medium is about 62% of the wave speed in air only. As the wave speed is slower, it offers better resolution in estimating the distances from each antenna to the breast surface [32] . In addition, oil can be assumed to be a lossless media due to its poor conductivity [33, 34] . The antennas are placed in a 60 × 60 × 50 cm size glass tank filled with oil up to 35 cm in height and positioned at a constant height about 15 cm under the oil surface. In this way clutter caused by the reflections, particularly at the glass-tank and oil-air interfaces could be minimized by appropriately time gating the arrival pulses. The data acquisition system is composed of Cytec CXM 16 multiplexer that automatically switch transmitting and receiving lines, connected to an Agilent E5071C 8.5 GHz VNA, providing measurements in time domain. In addition, a wide band 20 dB amplifier is used to improve the received signal power. This acquisition system communicates with a high end workstation to automate data acquisition and process the reconstruction algorithms. Figures 9(a) and 9(b) show the actual experimental set up of the imaging system.
RESULTS AND DISCUSSION
Numerical Results
Figure 10(a) shows the cross section of the realistic MRI derived numerical homogeneous breast model using the Debye parameters [27] . Figure 11 . Experimental results of homogeneous breast phantom, (a) actual image with 10 mm tumor, (b) actual image with 5 mm tumor, (c) reconstructed image of (a) using DAS, (d) reconstructed image of (b) using DAS, (e) reconstructed image of (a) using EDAS, (f) reconstructed image of (b) using EDAS.
despite the present of some clutters in the image. As evident in Figure 10 (c), a significant improvement in the reconstruction and image quality is observed by the reduction of almost all of the cluttering artifacts.
Experimental Results
Image reconstruction using real measurements are more challenging due to the noise associated with the experimental environment. Both homogeneous and the heterogeneous breast phantoms described previously are used in the experiments. Two homogeneous phantoms simulating 10 mm and 5 mm tumors are used in the homogeneous breast tests. Figure 12 . Experimental results of heterogeneous breast phantom, (a) actual image with 10 mm tumor, (b) actual image with 5 mm tumor, (c) reconstructed image of (a) using DAS, (d) reconstructed image of (b) using DAS, (e) reconstructed image of (a) using EDAS, (f) reconstructed image of (b) using EDAS. are the reconstructed images obtained using EDAS. Again, the EDAS has produced a much better reconstruction for 5 mm tumor in heterogeneous model compared to DAS, resulting in an improved SCR and SMR of 42% and 57%, respectively. In spite of a low contrast ratio, the EDAS is still able to accurately map the heterogeneous structures including the localization of the tumor. Nevertheless, only a slight difference in term of the target size is observed from the results. This shortcoming can be attributed to the linear nature of radar based methods in solving the nonlinear inverse scattering problem. As observed from Tables 2 and 3 , the SCR and SMR ratios for both algorithms decreased significantly with increasing dielectric heterogeneity of tissues, thus reducing the localization performance.
CONCLUSION
In this paper, biconical antenna has been demonstrated to provide a good reflection coefficient covering UWB impedance bandwidth, which constitutes an important feature in imaging application. The antenna array provides more processing gain for UWB applications, increasing the gathered information as well as reducing the clutter in the measurements. These antennas are used together with the homogeneous and heteregenous breast phantoms and oriented for early detection of cancerous tissue. Image reconstructions are performed using the proposed EDAS method and results are compared with the original DAS algorithm. Experimental results indicated that both algorithm have sucessfully mapped the complex permittivity distribution inside the test phantoms, with EDAS producing a much better signal-to-noise ratio compared to DAS. Overall the EDAS has resulted in the improvement of SCR and SMR by 49% and 62%, respectively. The promising results of our laboratory experiments strongly encouraged us to implement the clinical prototype of the system. Preliminary results of the clinical trials will be presented in our future work. Also, future research will systematically focus in evaluating EDAS using planar type UWB sensors and results will be published in our future papers.
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